We synthesized gold nanoparticles (mean diameter 8.3 nm, standard deviation 2.7 nm) from tetrachloroaurate complex (AuCl À 4 ) solution by 308 nm laser irradiation without the use of any stabilizers. The combination of photochemical particle growth with photothermal particle size reduction by 308 nm laser irradiation resulted in a narrow size distribution. Photothermal size reduction controlled the maximum diameter of gold nanoparticles which existed in the system, and photochemical growth controlled their size distribution. Using this technique, we were able to control the diameter and the size distribution of gold naoparticles. We propose a simple model for estimating the maximum diameter of gold nanoparticles formed in the system by the irradiation of nanosecond laser pulses. The maximum diameter of particles is determined by the competition between heating of a particle by absorbed photon energy and heat dissipation from the particle surface to the surroundings.
Introduction
Metal nanoparticles are of great interest because of their unique physical and chemical properties. In particular, gold nanoparticles have been studied aiming at a variety of applications, such as catalysis, 1) biolabeling, 2) nonlinear optical devices, 3, 4) and optical recording media. 5) Their optical 6) and thermodynamic properties [7] [8] [9] [10] [11] are also of great fundamental interest. It is well known that the properties of nanoparticles greatly depend on their diameter, and therefore much attention has been paid to controlling the diameter of nanoparticles. One approach is to control their size during their synthesis. Many preparation methods, such as the chemical reduction method, 12) reversed micelles method, 13) supercritical water method, 14) photoacetone method, 15) supersonic irradiation method, 16) and seeding growth method [17] [18] [19] have been proposed for gold nanopartilces. Another approach is to reshape existing particles. Kurita et al. 20) and Takami et al. 21) reported the size reduction of gold nanoparticles induced by laser irradiation (Nd:YAG 532 nm). This is considered to be a photothermal process driven by thermal energy that was transformed from the photon energy absorbed by particles. 11, 21) Sugiyama et al. applied this principle in the fabrication of optical recording media. 5) Due to surface plasmon resonance (SPR) of gold nanoparticles, existing at around 530 nm, gold nanoparticles absorb at 532 nm laser beam. The light absorbed was utilized in the above photothermal process.
In this paper, we propose a novel size-controlled formation method in which both photochemical growth and photothermal size reduction of particles proceed simultaneously. Since gold nanoparticles absorb UV-light due to the transition (5d!6sp) of gold, 6) we predicted photothermal size reduction of gold nanoparticles could occur by 308 nm UV-laser irradiation. On the other hand, tetrachloroaurate complex (AuCl À 4 ) in solution, a widely used precursor of gold nanoparticles, strongly absorbs UV-light. Therefore gold nanoparticles are produced by UV-light irradiation, such as from a Nd:YAG laser beam (355 nm), 22) or mercury lamp. [23] [24] [25] [26] -Irradiation 27) can also convert AuCl À 4 into gold nanoparticles. Considering these facts, we predicted that particle growth from AuCl À 4 and size reduction of gold nanoparticles could occur simultaneously upon the irradiation of a 308 nm laser beam into AuCl À 4 solution. As expected, we succeeded in controlling the particle size and size distribution of gold nanoparticles by varying the fluence of 308 nm laser beam. We propose a simple model for estimating the maximum diameter of gold particles controlled by irradiated laser fluence.
Experimental
The experiments were carried out as follows. Excimer laser pulses (Lamda Physik, LPX-100) of 308 nm wavelength, condensed by a couple of lenses, were irradiated onto a quartz cell (10 Â 10 Â 45 mm 3 ) as a parallel beam. Then 0.6 ml of AuCl À 4 aqueous solution (0.12 mM) was poured into the quartz cell. The spot size of the beam was 0.6 cm 2 so as to irradiate the whole solution. During irradiation, the solution was stirred with a magnetic stirrer and the cell was covered with a Teflon lid. We put some pieces of quartz slide glass in front of the lenses in the optical path to adjust the laser fluence to the range of 75-260 mJÁcm À2 Ápulse À1 . Laser irradiation was carried out at 10 Hz and stopped when there was no further change in the absorption spectrum of the solution. We did not use any stabilizer in these experiments.
The AuCl À 4 solution was made by diluting the stock solution just before each experiment. The stock solution was made of 1 g HAuCl 4 Á4H 2 O solid (Wako chemical, 99.9%) and 5 ml of purified water and stocked in a refrigerator. As a reference, a colloidal gold solution was prepared by chemical reduction method. 12) Aqueous solution, 30 ml of citric acid (0.1 M, Wako Chemical) was added to 40 ml of AuCl À 4 solution (0.12 mM) at the boiling stage with vigorous stirring. A red-wine-colored colloidal gold solution (mean diameter of 36.1 nm with the standard deviation of 4.0 nm) was soon obtained. All of the AuCl À 4 was converted to gold particles by this method. We observed the photo-reduction process in situ with UV-visible spectroscopy. The light source was a D 2 and W lamp (Hamamatsu, L7893), and its optical path was perpendicular to the laser light. Spectra were obtained using a multichannel detector (Hamamatsu, PMA-11). After com-pleting the photoreduction, we observed the size and shape of gold nanoparticles using a transmission electron microscope (TEM) (JEOL, JEM-2000EXII). TEM samples were prepared by putting a drop of the colloidal solution onto a microgrid and letting the solution dry completely. The fraction of irradiated laser power absorbed by the solution was about 30% for AuCl 4 at around 220 and 300 nm decreased, while absorption due to SPR of gold nanoparticles increased. The peak position of SPR shifted from 580 to 520 nm with irradiation time. Figure 1(b) shows the calculated results of absorption spectra of gold nanoparticles based on the Mie theory. In the calculation, we assumed (1) monodispersed gold nanoparticles in the system, and (2) that the particles were complete spheres. We also considered the surface scattering of free electrons of gold particles.
6) The peak position of SPR shifts to a shorter wavelength with the increase of diameter when the diameter is less than 20 nm, because the scattering of free electrons at the particle surface is dominant. 6) On the other hand, above 20 nm, the peak position of SPR shifts to a longer wavelength with the increase of the diameter, because light scattering at particle surface becomes dominant.
28) The observed shift of the peak position of SPR in the course of laser irradiation shown in Fig. 1(a) may correspond to the growth of particles. In our experiment, there was no change in the peak position of SPR after 200 s of irradiation at a laser fluence of 260 mJÁcm À2 Ápulse À1 . This suggested that particle growth stopped at 200 s with the particle diameter being less than 20 nm. Compared with the absorption spectrum of 36.1 nm colloidal gold particles prepared by chemical reduction, the peak position of SPR was at a shorter wavelength. This suggested that the diameter of gold nanoparticles prepared by laser photoreduction was smaller than 36 nm. became faster with increasing laser fluence and the concentration of the monomer of gold nanoparticles increased more rapidly. As a result, a high nucleation density of gold nanoparticles was realized and many nuclei of gold nanoparticles emerged and grew into small particles.
The second explanation is that photothermal size reduction of gold nanoparticles occurred simultaneously with particle growth upon 308 nm laser irradiation. Photothermal size reduction of gold nanoparticles induced by 532 nm laser irradiation has already been reported. 20, 21) Gold nanoparticles, similarly to bulk gold, absorb UV-light due to the transition (5d!6sp) of gold.
6) Therefore, photothermal size reduction of gold nanoparticles can take place with 308 nm laser irradiation.
Size distribution of gold particles formed by laser
induced size reduction To examine the possibility described above, we observed the change in the diameter of chemically reduced gold nanoparticles after 308 nm laser irradiation. Therefore we could conclude that photothermal size reduction also occurred upon 308 nm laser irradiation. With decreasing the laser fluence, photothermal size reduction of gold nanoparticles did not occur among small particles and relatively large particles remained [
The maximum diameter of gold nanoparticles after laser irradiation decreased with increasing laser fluence. This inclination was also seen in photothermal size reduction with a 532 nm laser beam. 21) After 260 mJÁcm À2 Ápulse À1 laser irradiation, gold nanoparticles prepared by both photochemical growth and photothermal size reduction had nearly the same mean diameter and size distribution [Figs. 2(d) and 3(f)]. After irradiation with lower fluence, the mean diameter of gold nanoparticles formed by photochemical growth was larger than that of nanoparticles formed by photothermal size reduction, while the size distribution of photoreduced particles was narrower than that in the case of photothermal size reduction. Furthermore, there were many small particles between 5 and 10 nm in photothermal size reduction, but not so many in photochemical growth.
Model of photochemical formation of gold particles
accompanied by photothermal size reduction Figure 4 (a) shows a schematic of laser-induced size reduction. As shown in Fig. 4(a) , a laser pulse heated a particle to its boiling point. Thereby, gold atoms evaporate from the particle surface. The particle was cooled by both latent heat of evaporated atoms and heat conduction to the surroundings. Evaporated gold atoms aggregate to form small particles. We assume that laser-induced size reduction can be expressed by this simple photothermal process. Under the irradiation of 308 nm laser pulses to both AuCl Fig. 2.) growth or not as can be seen in Figs. 4(b), 4(c) . In photochemical growth, particle growth from AuCl À 4 solution could take place up to the maximum diameter which was decided by the laser fluence. On the other hand, in photothermal size reduction, particle growth was not able to take place because there was no source material of particles, AuCl Fig. 4(b) ]. Therefore smaller than 10 nm which were produced by photothermal size reduction could not grow into larger particles, as is seen in Figs. 3(b), 3(c) and 3(d) . On the other hand, because particle growth from AuCl À 4 solution could occur in photoreduction, particles grew larger and size distribution became narrower [ Fig. 4(c) ]. That is, the combination of photochemical particle growth and photothermal size reduction was very useful for controlling the diameter and size distribution of gold nanoparticles.
3.5 Mechanism determining the maximum diameter of gold particles in the system The maximum diameters in Fig. 3 roughly agree with those in Fig. 2 for each laser fluence. That is, laser fluence is considered to have determined the maximum diameter of particles which can exist in the system in the course of the laser irradiation.
In size reduction induced by 532 nm laser irradiation, Takami et al. estimated the threshold laser fluence for the size reduction of gold nanoparitcles, based on the assumption that size reduction occurrs when the temperature of gold particles, which was raised by the photon energy absorbed through SPR, exceeded the boiling point of gold. 21) In that estimation, there was no heat dissipation from the particle surface to the surroundings on the nanosecond scale. However Link et al. 7) and Hodak et al. 29) pointed out that the heat loss from the particle surface to the surroundings occurred within 100-200 ps, and that heat loss must be considered for nanosecond laser pulses.
Here we modified the previous model, taking into account the heat dissipation from the particle surface during laser pulses in order to explain the dependence of the maximum diameter of particles on the laser fluence. To consider the heat balance of a particle, we took account of (1) photon energy absorbed by the particle, (2) rise in particle temperature, and (3) heat dissipation from the particle surface to the surroundings.
Our assumptions are as follows. 1) A gold particle is a spherical single crystal with its (111) planes vertical to the direction of laser light [ Fig. 5(a) ]. 2) A gold particle has the same thermodynamic properties as bulk gold. 3) Laser light is cylindrical with uniform light intensity in the cross section. 4) Temperature is uniform inside the particle. 5) The thickness of temperature boundary layer is equal to the particle radius. 6) Temperature of the surroundings is uniform outside the boundary layer.
We considered that laser light was absorbed by each (111) plane [ Fig. 5(b) ]. Considering Lambert-Beer's law in the particle (See Appendix A), J 1 , the photon energy absorbed by a particle in a infinitesimal time Át, is
where F is the laser fluence per pulse and is the pulse width.
Other symbols are explained in Appendix A.
Using the boundary layer model (See Appendix B), J 2 , the heat flux from the particle surface to the surrounding water, is Fig. 4 . Schematic of laser-induced size reduction of gold nanoparticle. a) Heated by laser pulses, gold atoms evaporate from the particle surface when the particle temperature is above the boiling point. Then the particle becomes smaller and evaporated gold atoms aggregate to form small particles. b) With laser irradiation to gold nanoparticles, fragmented particles cannot grow because of a lack of source material, AuCl where T is temperature of the particle, T w is the temperature of surrounding water, and is the thermal conductivity of the surroundings. From eqs. (1) and (2) and considering the temperature change of the particle, we obtain a differential equation with respect to the conservation of energy in a particle:
where is the density of gold, M is the atomic weight of gold, and C p is the specific heat of gold. Under the initial condition, T ¼ T w at t ¼ 0, eq. (4) is solved as
Based on eq. (5), we can obtain t m , the time when the particle temperature reaches T m from T w . The temperature of the particle never increases until t ¼ t 0 m , the time when the particle absorbs ÁH melt , the enthalpy of melting:
We used ÁH melt ¼ 12:7 Â 10 3 (JÁmol À1 ), which is the same as the value for bulk gold. After t ¼ t 0 m , T increases until it reaches T b , the boiling point of gold, at t ¼ t b . From eqs. (4)- (6), t b is obtained as
Using eq. (7), t b is calculated for each particle radius. If t b , the size reduction induced by laser pulses occurs. Figure 6 shows the time evolution of the particle temperature. In this case, particles larger than 15 nm are reduced in size by laser irradiation because their temperature reaches the boiling point within the pulse width, . On the other hand, 14 nm is the maximum diameter which remains in the system with its size unchanged after laser irradiation. Thus, for a given laser fluence, we can obtain the maximum diameter of the particles which remain in the system. The values we used in eqs. (5) to (7) The nth cross section of (111) Simple model for the consideration of Lambert Beer's law in a particle. We assumed that (a) a gold particle is a complete spherical single crystal with its (111) plane vertical to the laser beam direction, (b) the cylindrical laser beam with uniform intensity and the same cross section as the particle (r 2 ) is absorbed by each (111) plane in accordance with Lambert Beer's law inside the particle, and (c) heat dissipation from the particle surface to the surroundings can be treated with a boundary layer model where temperature changes in proportion to the temperature difference inside the boundary layer. 30) As shown in Fig. 1(b) , the value of 0 at 532 nm depends on the particle size. We estimated 0 at 532 nm for particles of each size as follows. From the uppermost spectrum in Fig. 1(a) , we obtained 0 ¼ 9:54 Â 10 À3 (-) at 532 nm for gold nanoparticles, the mean diameter of which was 36.1 nm. On the other hand, based on our calculated results shown in Fig. 1(b) , we estimated the size dependence of 0 as a function of particle diameter relative to the value of 0 at the diameter of 36.1 nm. Therefore we could obtain the value of 0 at 532 nm as a function of particle diameter. The value of 0 at 308 nm was also obtained by the same procedure as for the value at 532 nm. When we calculated the maximum diameter for 308 nm laser irradiation, we used ¼ 15 Â 10 À9 (s), the pulse width of the excimer laser used in our experiment. Figure 7 shows the maximum diameter as a function of irradiated laser fluence. The maximum diameters in Figs. 2 and 3 and the experimental results obtained by Takami et al. 21) are also plotted for comparison. In Fig. 7 , calculated results for 532 nm laser irradiation agreed well with the experimental results. This suggested that the competition between heat dissipation from the particle surface to the surroundings and heating of a particle by absorbed photon energy plays an important role in laser-induced size reduction. For a small particle, the heat dissipation from the particle surface to the surroundings is dominant, therefore we need higher energy to heat the particle to the boiling point in order to reduce its size. If the diameter is below the maximum value, the particle temperature increases but never reaches the boiling point and the particle remains with its diameter unchanged. As already described, because the heat dissipation from the particle surface to the surroundings occurs within 100-200 ps, the heat dissipation is negligible when using a picosecond laser or a femtosecond laser. The boiling threshold, F threshold , is the minimum laser fluence required to heat particles of 45 nm diameter (the initial particle diameter in the experiments of Takami et al.) up to their boiling point and thus to reduce their size.
From eq. (8), F threshold ¼ 3 Â 10 À2 JÁcm À2 Ápulse À1 , which is smaller than the fluence with which size reduction occurs in simulated results for 532 nm, as shown in Fig. 7 . The difference indicates that, using picosecond or femtosecond lasers, we will be able to cause size reduction more efficiently.
For 308 nm laser irradiation, the observed maximum diameters are smaller by about 10 nm than the calculated values. We think that this disagreement is related to the precision of this model such as the applicability of the boundary layer model, the accurate value of , and the assumption of uniform light intensity in the cross section. These uncertainties also exist for the results obtained with the 532 nm laser. We should note that the value of was selected to obtain the best fit for the results with the 532 nm laser, and thus a discrepancy appeared for the results with the 308 nm laser. It is also possible that the maximum diameter upon 308 nm laser irradiation was underestimated in the experiment due to insufficient number of particles observed.
Since we arbitrarily used the value of at 873 K, we should comment on the sensitivity of calculated results to . Figure 8 shows the calculated results using the value of for 373, 573, 873 and 1073 K. In Fig. 8 , the maximum diameter plotted as a function of irradiated laser fluence shows nearly the same trend for all . This suggests that this model describes the Boiling threshold is the minimum laser fluence needed to heat a particle with a diameter of 45 nm to the boiling point, without any heat dissipation from the particle surface. The value corresponds to the threshold fluence needed to cause laser-induced size reduction of the particle with picosecond or femtosecond laser pulses, for which the heat dissipation from the particle is negligible. phenomenon of laser-induced size reduction qualitatively at the nanosecond scale. By comparing the results obtained using at 1073 K with those obtained using at 373 K, the calculated maximum diameter is found to be 2 times smaller with a 4 times smaller value of . Therefore, the uncertainty of the maximum diameter associated with the uncertainty of is a factor of 2 at maximum. From the discussion above, we should admit some problems remain to be solved in this model. However, we can now understand the process of laser-induced size reduction semiqualitatively with this model.
Conclusions
We synthesized gold nanoparticles by 308 nm laser irradiation into AuCl À 4 aqueous solution. We demonstrated the possibility of size-controlled formation of gold nanoparticles using the combination of photochemical particle growth and photothermal size reduction by 308 nm laser irradiation. We also suggested a simple model for estimating the maximum diameter semiqualitatively. Under laser irradiation with nanosecond pulse width, the maximum particle diameter was controlled by the competition between heating by the laser beam and heat dissipation from the particle surface to the surroundings.
